We calculate the ground state properties of recently synthesized superheavy elements from Z = 105 − 118 along with the predicted proton magic Z = 120. The relativistic and nonrelativistic mean field formalisms are used to evaluate the binding energy, charge radius, quadrupole deformation parameter and the density distribution of nucleons. We analyzed the stability of the nuclei based on the binding energy and neutron to proton ratio. We also studied the bubble structure which reveals the special features of the superheavy nuclei.
Introduction
The study of superheavy elements (SHEs) is an interesting topic for the current days research in nuclear physics. Initially, the transuranium elements were made by subjecting Uranium to a high neutron flux allowing to capture neutrons successively. The neutron-rich isotopes undergo β−decay and produce new elements. This process allows to prepare element maximum upto Fermion (Z = 100). This is due to the shorter time interval of the spontaneous fission than neutron capture time of the newly form element. To make heavier Z nuclei one has to reach the so called island of stability which is a matter of discussion from last five decades 1,2,3,4 . Earlier, it was predicted 1,5 that the next proton magic number beyond Z=82 would be 126 considering the equality of the proton and neutron magic numbers for known closed shell nuclei. However, several microscopic calculations 6,7,8,9,10,11 suggest a shift of this number to 114. One of the cause of the shift is the Coulomb effect on the spherical single particle levels. The use of shell correction by V. M. Strutinsky 12 to the liquid-drop calculation of binding energy (BE) opens a more satisfactory exploration towards the search of double close nucleus beyond 208 Pb. Using this 2 approach, Z=114 is supported to be the proton magic after 82 in Refs. 13, 14, 15, 16 . Based on the relativistic mean field (RMF) and Skyrme Hartree-Fock (SHF) calculations 17, 18, 19, 20, 21 , it is predicted that the island of stability in the superheavy region is situated near mass number A ∼ 300 peaking at 292,304 120. The main aim is to reach the stability island of superheavy valley using some alternative process rather than the nucleosynthesis by neutron capture. Using cold fusion reaction, elements from Z = 107 − 112 are synthesized at GSI 22, 23, 24, 25, 26, 27, 28 which are based on Pb and Bi targets. At the production time of Z = 112 nucleus at GSI, the fusion cross section was extremely small (1 pb) 26 , which led to the conclusion that reaching still heavier elements will be very difficult by this process. The element Z=113 was also synthesized in coldfusion reaction at RIKEN with a very low cross section ∼ 0.03 pb 29 confirming the limitation of cold-fusion synthesis.
To overcome this problem in hot fusion evaporation reactions with a deformed actinide targets and a neutron-rich doubly magic spherical projectile like 48 Ca are used in the synthesis of superheavy nuclei Z = 112−118 at Dubna 30, 31, 32, 33, 34, 35 . It is worthwhile to mention that, although the synthesis of SHEs is a challenging task, the knowledge of their chemistry for the recently synthesized nuclei (Z=104-118) are more interesting to find the analogies between the properties of new elements and their lighter known neighbours in the groups of chemical elements and, eventually, proving their position in the periodic table. Nowadays, the chemistry of some trans-actinide elements, like Z=107, 108, 112 and 114 are known experimentally 36,37,38,39,40 and theoretical efforts are also given 41 . These elements are located at the bottom of the periodic table. These nuclei are extremely unstable and the electron shells are influenced by strong relativistic effects 42, 43, 44, 45, 46 .
The stability of a nucleus mostly depends on its structure which is again a function of the combination of neutrons and protons number. Because of the large Coulombic repulsion, the central portion of the nucleus may take a depletion and create a bubble like structure. There are some interesting and extensive calculations for various properties including bubbles or semi-bubbles structure of superheavy elements 47, 48 In the frame-work of SHF with SkP or SLy7 interaction Cwiok et al 52 find 310 126 as a spherical double close shell nucleus. In this paper, the stability and bubble structure of the superheavy nuclei are discussed by two well known self-consistent mean field models, namely Skyrme Hartree-Fock (SHF) using SkI4 parameters 53 with BCS pairing and Relativistic Mean Field (RMF) model with NL3* parameter set 54 . The paper starts with a short introduction in Sec. I. The formalisms of SHF and RMF are presented in Sec.II. Mostly, the stability and structure of the synthesized nuclei will be discussed in Sec. III. The bubble properties will also be analyzed taking into account the density distribution of protons and neutrons. Finally a brief summary and concluding remarks will be given in Sec. IV.
Theoretical Formalisms

Skyrme Hartree-Fock (SHF) method
There are many known parametrization of Skyrme interaction which reproduce the experimental data for ground state properties of finite nuclei 55,56 as well as the properties of infinite nuclear matter upto high density 57 . The general form of the Skyrme effective interaction can be expressed as a density functional H with some empirical parameters 55,58,59 :
where K is the kinetic energy, H 0 the zero range, H 3 the density dependent and H ef f the effective-mass dependent terms, which are relevant for calculating the properties of nuclear matter. More details can be found in Refs. 55, 58, 59 . These are functions of 9 parameters t i , x i (i = 0, 1, 2, 3) and η are given as
The kinetic energy K = 2 2m τ , a form used in the Fermi gas model for non-interacting Fermions. The other terms H Sρ and H S J with b 4 and b ′ 4 are the surface contributions which also responsible for a better spin-orbit interaction are defined as
Here M, m σ , m ω and m ρ are the masses for nucleon, σ-, ω-and ρ-mesons and ψ is its Dirac spinor. The field for the σ-meson is denoted by σ, ω-meson by V µ and ρ-meson by R µ . g s , g ω , g ρ and e 2 /4π=1/137 are the coupling constants for the σ, ω, ρ-mesons and photon respectively. g 2 and g 3 are the self-interaction coupling constants for σ mesons. By using the classical variational principle we obtain the field equations for the nucleons and mesons.
The Dirac equation for the nucleons is written by The effective mass of the nucleon is
and the vector potential is
A static solution is obtained from the equations of motion to describe the ground state properties of nuclei. The set of nonlinear coupled equations are solved selfconsistently in an axially deformed harmonic oscillator basis N F = N B = 20. The quadrupole deformation parameter β 2 is extracted from the calculated quadrupole moments of neutrons and protons through
where R = 1.2A 1/3 . The total energy of the system is given by
where E part is the sum of the single particle energies of the nucleons and E σ , E ω , E ρ , E c , E pair , E cm are the contributions of the meson fields, the Coulomb field, pairing energy and the center-of-mass energy, respectively. We use the recently reported NL3* parameter set 54 in our calculations for RMF formalism.
Results and discussions
In the present paper, we calculate the binding energy, root mean square (rms) charge radius r ch and quadrupole deformation parameter β 2 . A special attention is given to the neutron and proton density distributions of these superheavy nuclei, where we search for the bubble structure at various excited intrinsic states. The results are explained in subsection 3.1 to 3.5.
Stability of nuclei
While analyzing the nuclear landscape, the stability of nucleus is maximum with a neutron to proton ratio N/Z at about 1 for light mass region. This value of N/Z increases with mass number A to neutralize the Coulomb repulsion and saturated at ∼ 1.5 for naturally occuring nuclei. For example, the neutron to proton ratio for 208 Pb is 1.537 and for 235,238 U, these values are 1.554 and 1.587, respectively. To see the overall N/Z values of the synthesized isotopes in the superheavy region, we calculate the neutron to proton ratio for Z=105 to 118 in addition to the predicted double close nuclei 292,293,304 120. We find the minimum and maximum N : Z as 1.433 and 1.614, respectively.
One important quantity is the binding energy (BE) of a nucleus. The stability of a nucleus does not fully depend on the binding energy only. The arrangement 6 of shells inside the nucleus is also a function of stability. In the absence of shell energy contribution (liqiud-drop limit), it may be possible that a general view on stability of nuclei can be made on the basis of binding energy per particle (BE/A), i.e., nucleus is more stable with greater value of BE/A. Binding energy is one of the experimental observable, which can be measured precisely and could be an important input for stability. Generally, a nucleus is more stable with a larger binding energy per particle along an isotopic chain. The trend of BE/A as a function of mass number A is shown in Figure 1 . It is clear that low mass nuclei in the vicinity of β−stability valley have more life-time compare to the heavier isotopes. This may be due to the large Coulomb repulsion of the superheavy nuclei, although the N/Z ratio is almost constant. The declining trend of BE/A indicates the difficulty in the formation of heavier superheavy nuclei. As we have mentioned, not only the BE, but also the internal shell structure plays for the role of stability. Thus, there is a bright chance for the formation of superheavy nucleus if a proper combination of N and Z are selected which could be the next double close nucleus. In this context, it is to be recalled that the formation of a neutron-proton bound state system requires only 2.224 MeV which is the typical binding energy of Deuteron (BE/A ∼ 1.112 MeV) 67 . 
Binding energy and quadrupole deformation parameter
The ground state binding energy and quadrupole deformation parameter for all the observed nuclei considered here are given in Tables I and II. The much discussed  superheavy isotopes 292,304 120 which are considered to be the next double closed nuclei beyond 208 Pb are also listed. To find the ground state solution, the calculations are done with an initial spherical, prolate and oblate quadrupole deformation parameter β 0 both in the Skyrme Hartree-Fock (SHF) and relativistic mean field (RMF) formalisms. The well known SkI4 53 and NL3* 54 parametrizations are used through out the SHF and RMF calculations, respectively. It is to be noted that the maximum binding energy corresponds to the ground state and all other solutions are the intrinsic excited state configurations. Considering this criteria, we evaluate the ground state binding energy and also the first and second excited states wherever available. The results obtained from SHF are listed in Table I and those for RMF are listed in Table II . Since the experimental binding energy of these nuclei are not known, to get a first hand information about the predictive power of our calculations, we have inserted the most commonly used binding energy of finite range droplet model (FRDM) 68 . The quadrupole deformation parameter β 2 obtained in FRDM is also given for comparison 69 . Comparing Tables I and II , it is remarkable to note that the binding energy obtained by SHF(SkI4) and RMF(NL3*) are quite agreeable with FRDM prediction. The deviation of our results (from the FRDM prediction) is a maximum of about 0.5%. A further inspection of the results finds an edge of RMF(NL3*) over SHF(SkI4). In general, the calculated binding energies and deformation parameters are in similar trend with each other in all the three models. This phenomenon is more common in superheavy region, leads to complex structure of these nuclei which provides the information about the oscillation of nuclei between two or three existing shape by perturbing small energy. Here, in our studied nuclei, we find many such examples, where the ground and first excited binding energies are degenerated. Also, in several cases the nuclei have well defined three distinct solutions (oblate, spherical, prolate) with almost same energy which strongly indicates the nuclei may oscillate from oblate to spherical to prolate configuration.
For analyzing the result , we took a small binding energy difference around ≤ 2 MeV to take care of shape co-existence for our calculations. Because of this small difference in binding energies between these two solutions, the ground state can be changed to the low-lying excited state or vice-versa by a small change in input parameters like pairing gaps etc. It is seen from Tables I and II A shape co-existence of nuclei indicates that there is a competition among the different shapes to acquire the possible ground state for maximum stability and the final shape could be an admixture of these low-lying bands.
Density and bubble structure
The density of a nucleus has the gross information about the size, shape and distribution of nucleons. The density distribution from SHF(SkI4) and RMF(NL3*) for some of the selected nuclei are given in Figures 2 to 6 obtained for all the three solutions, i.e. spherical, prolate and oblate. Normally, the density at the center of nucleus has the maximum value and decays to zero at the surface. However, in some specific cases, e.g. for spherical solutions of 285 113, 294 117, 292,293 120, this trend of density distribution shows an anomalous behavior, i.e. a dip at the center and a hump nearby to it following a slow decreasing in density to zero at the surface. This type of density distribution is known as bubble structure 74 . The first possibility for existence of toroidal or bubble structure other than the spherical topological structure was suggested by Wheeler 74 . The occurrence of bubble nuclei has been extensively studied by Wilson 75 and later by Siemens and Bethe 76 . Several models like independent particle model 77 and Hartree Fock Model 78 also investigated the possibility of low density region at the center of the nuclei. This structure is not confined to a particular region, but have the possibility for light to superheavy nuclei 79,80 . The contribution of density at r = 0 is offered by non zero wavefunction of s-states and depopulation of this level leads to the depletion of central ) Fig. 2 . The neutron, proton and total matter density distribution for some of the selected superheavy nuclei using SHF(SkI4).
13 Table 3 . The calculated Qα and life time Tα using SHF(SkI4) and RMF(NL3*) are compared with FRDM and experimental data, wherever available. The bubble effect can be realized quantitatively by calculating depletion fraction for the neutrons as well as protons using the relation 80
where ρ max , ρ cen represent the maximum and central density respectively and α denotes neutron or proton. The calculated values of depletion fraction for neutron as well as proton by using non-relativistic and relativistic densities are given in Tables I and II for all three solutions. In our present study, most of the nuclei achieve the prolate shape as their ground state solution both in the SHF and RMF calculations. Here, we do not find significant bubble structure, i.e. no good amount of depletion fraction are estimated for this shape, except a few cases. It is evident from Tables I and II , a remarkable depletion fraction is there in 292,293 120 over the whole series of nuclei on spherical solution in both models.
Q α and T α for superheavy nuclei
The Q α value of a nucleus provides valuable information for its stability. This is more important for superheavy nuclei, which is the central theme of study in the present paper. Thus, it is worthwhile to evaluate the Q α values for the nuclei which will also give us to estimate the life time T α of the considered nuclei. It is to be noted that mostly, α−decay is the decay mode for these synthesized elements, which end with spontaneous fission. Recently, it is predicted that the β−decay may play an important role for some of the SHEs 83 . The calculated Q α and T α for Z = 105 -120 within the relativistic and non-relativistic formalism using NL3* and SkI4 parameters are listed in Table III . The Q α is calculated by using the following 
Here, BE(N,Z) and BE(N-2,Z-2) are the binding energy of the parent and daughter nuclei, respectively. BE(2, 2) is the binding energy of α particle ( 4 He) i.e. 28.3 MeV 67 . We are using the empirical Viola-Seaborg formula 84 for the calculation of T α which is define as: Q , hence a small change in Q α creates a large difference in T α . This observation reflects in our results (see Table III ). 
Summary
In summary, we study a broad spectrum of the superheavy nuclei for Z = 105 -120 in the frame work of relativistic and nonrelativistic mean field formalisms. The calculations are done in an axially deformed coordinates using constant gap BCS pairing. Except Z=120, all other isotopes are synthesized artificially whose properties are studied. From the calculated binding energies, Q α and T α are estimated. The results are compared with the most acceptable FRDM data as well as with the experimental observations, wherever available. Over all comparison of the results are quite agreeable with each other in all the three models along with the experimental data.
On the basis of the depletion of central density, a bubble structure is studied for some superheavy nuclei in the excited states. This observation is model independent. The maximum depletion fraction calculated in the considered nuclei is for 292,293 120. In some of the cases, [ Fig. 6 ] a depletion of proton density nearer to the center (but not at the center exactly) indicates a special type of proton distribution. In this case, the center is slightly bulgy and a considerably depression afterward. Again a big hump almost at the mid distance of the center and the surface appears in the density distribution for the spherical state. This feature of the nucleus is unique and need more investigation. Work in this direction is in progress 86 .
